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Abstract
It is supposed that the leakage of injected CO2 as the principal hazard due to the existence of fault occurs when CO2 storage in an 
aquifer is targeted. Therefore it is very important to predict the migration of injected CO2 dependent on time and space under the 
environment of underground. The quantitative estimation for the amount of storage and leakage of injected CO2 is necessary for 
risk assessment of carbon capture and storage (CCS) through simulation study on the basis of the scenario of CO2 leakage 
considering the specific geological condition such as permeability, porosity and the existence of fault. In this study, we 
constructed the reservoir model that aquifer and impermeable layers were alternately located in vertical direction of reservoir. 
Modeling of the fault was simplified by putting the thin zone that simulated the fault inside of analytical mesh zone. Using the 
constructed reservoir model, we carried out some simulation run. Changing geological structure containing fault, absolute 
permeability of fault and flow velocity of groundwater as a calculation parameter, we considered the effect of each parameter on
flow behavior of CO2 in an aquifer and quantified the amount of CO2 leakage.
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1. Introduction
Both aspects of risk and benefit are very important in understanding the feasibility of CO2 geological storage at 
specified situation. Various type of benefits of geological carbon storage, compared with ocean and atmospheric 
discharge, can be easily understood in the scientific aspect of global environment and the economical aspect of 
CDM. However, the assessment of risks caused by carbon capture and storage (CCS) would be hardly undertaken, 
because of difficulties to determine the end points and parameters for estimating ecological and human risks. In 
order to achieve transparent risk governance for any stakeholders who are involved in CCS project, it is necessary to 
develop the general and/or common framework, enable to be fully communicated within any party of concern.
It is supposed that the leakage of injected CO2 as the principal hazard due to the existence of fault occurs when 
CO2 storage in an aquifer is targeted. Therefore it is very important to predict the migration of injected C O2 
dependent on time and space under the environment of underground. The quantitative estimation for the amount of 
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storage and leakage of injected CO2 is necessary for risk assessment of CCS through simulation study on the basis 
of the scenario of CO2 leakage considering the specific geological condition such as permeability, porosity and the 
existence of fault. In this study, we constructed the reservoir model that aquifer and impermeable layers were 
alternately located in vertical direction of reservoir. Modeling of the fault was simplified by putting the thin zone 
that simulated the fault inside of analytical mesh zone. Using the constructed reservoir model, we carried out some 
simulation run. Changing geological structure containing fault, absolute permeability of fault and flow velocity of 
groundwater as a calculation parameter, we considered the effect of each parameter on flow behavior of CO2 in an 
aquifer and quantify the amount of CO2 leakage.
2. Numerical model for migration of injected CO2 in aquifer
2.1. Governing equation
Mass conservation equations of CO2 and water flow in porous media are expressed as follows. These equations 
are general as a numerical model for multi-phase flow in porous media. Depending on the conditions of pressure and 
temperature, the following phase changes of injected CO2 occur; 1) from liquid CO2 to supercritical CO2, 2) from 
supercritical CO2 to liquid CO2, 3) from liquid CO2 to gaseous CO2 and 4) from gaseous CO2 to liquid CO2. In 
addition, part of injected CO2 dissolves into water phase depending on its solubility. The migration of dissolved CO2
occurs due to water flow as one component in water phase.
! Liquid CO2 (Supercritical CO2);
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! Gaseous CO2;
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! Dissolved CO2 into water phase;
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Here, K: Absolute permeability [m2], kr: relative permeability [-], 1: molar density [mol/m
3], 3: viscosity [Pa/s], 2: 
fl ow potential [Pa], 0: porosity, S: saturation [-], x: concentration of dissolve CO2 [-] and x: diffusion coefficient of 
dissolve CO2 [-]. Subscripts lco2, w, gco2 and dco2 represent liquid CO2, water, gaseous CO2 and dissolved CO2.
2.2. Basic parameters for numerical simulation
For numerical simulation, the specific physical parameters of storage site such as permeability and porosity, etc. 
need to be input as the initial conditions of r eservoir. It is important to methodically obtain these as the input 
parameters through geological survey, well logging monitoring and laboratory-experiment.
! Scale of reservoir, thickness of layer and porosity
! Absolute permeability of reservoir and its anisotropy; in this simulation, multi-phase flow consisting of CO2
and water that involves phase change is targeted. Especially, upward migration of CO2 depending on 
difference of gravity between C O2 and water is dominant. Therefore, anisotropy representing vertical 
permeability against horizontal one is very important parameter in order to estimate the amount of CO2
leakage.
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! Apparent velocity and direction of groundwater, relative permeability; dissolved CO2 into groundwater flows 
as one component in water phase. Therefore the diffusion of dissolved CO2 with space and time depends on 
apparent velocity and direction of groundwater. In addition, after the concentration of dissolved CO2 in water 
phase reaches to saturated one, relative permeability dominates multi-phase flow condition consisting o f 
liquid CO2 and water.
! Geothermal gradient, pressure gradient; phase condition of C O2 in reservoir (gaseous or liquid or 
supercritical) are decided by these parameters.
! Injection rate of CO2 and injection period
2.3. The scenario for migration and leakage of injected CO2
As shown in Figure 1, 7 types of scenario for migration and leakage of injected CO2 have been proposed in IPCC 
report [1]. A: CO2 gas pressure exceeds capillary pressure and passes through siltstone. B: Free CO2 leaks from A 
into upper aquifer up fault. C: CO2 escapes through ‘gap’ in cap rock into higher aquifer. D: injected CO2 migrates 
up dip, increases reservoir pressure and permeability of fault. E: CO2 escapes via poorly plugged old abandoned 
well. F: Natural flow dissolves CO2 at CO2 / water interface and transports it out of closure. G: Dissolved C O2
escapes to atmosphere or ocean.
Figure 1. 7 types of scenario for migration and leakage of injected CO2 have been proposed in IPCC report [1].
On the basis of these scenarios, the existence of fault needs to be considered in reservoir model constructed for 
numerical simulation. For the existence of fault in numerical simulation, it is possible to consider the leakages from 
fault by setting thin layer that has relative large value for permeability in analytical mesh zone. In the same way, in 
order to simulate the leakage at the neighborhood of well, large permeability value for the space between cementing 
and layer needs to be input.
In addition, Færseth et al. [2] have proposed the adjudication scheme for probability of seal by fault as shown in  
Figure 2. In this study, on the basis of classification by Færseth et al, we constructed the following three models as 
geological structure containing fault. Figure 3 shows models of geological structure containing fault for calculation.
! Model1; In spite of the existence of fault, aquifer itself does not move up and down.
! Model2; Aquifer moves up and down on the border of fault, but geological structure itself connects.
! Model3: Aquifer moves up and down on the border of fault, and geological structure itself does not connect.
For numerical simulation, we changed permeability value of fault itself as a calculation parameter and consider flow 
behaviour of injected C O2 in aquifer.
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Figure 2. The adjudication scheme for probability of seal by fault [2].
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Figure 3. Modeling of geological structure containing fault for numerical analysis.
3. Numerical study on flow behavior of CO2 in an aquifer
In this study, the simulation code FEHM (Finite Element Heat and Mass Transfer) developed at the Los Alamos 
National Laboratory (LANL) was used for calculations. In the FEHM code, the conservation equations of heat and 
mass in a porous media are solved using the control volume finite element method. This code has some advantages 
for the multi-component multi-phase analysis and phase transformation analysis. Originally, this code was 
developed for the analysis of the geothermal reservoir system. For the utilization as the base program for risk 
assessment system of CCS named CO2-PENS, this code was extended to three-phase system consisting of gaseous 
CO2, liquid one and water[3,4].
3.1. Reservoir model and initial conditions
We used the simple reservoir model for calculation that aquifer and impermeable layer are assigned alternately in 
analytical mesh zone. Physical properties of each layer such as permeability and porosity are homogeneous. Depth 
of reservoir containing upper and bottom impermeable layers ranges from -1000 to -1200m, and horizontal distances 
in x- and y-di rection are equally set to 5000m. On the basis of modeling of geological structure containing fault as 
shown in Figure 3, thicknesses of aquifer and impermeable layer are set to 25m and 15m, respectively. Mesh widths 
are set to 125m in horizontal direction and 5m in vertical one, respectively. Total amount of node is 72283. 
Groundwater inflows at x=0m and mass flow of water that is calculated from apparent velocity of groundwater is 
applied to each node as a boundary condition. In addition, the plane at x=1000m is outflow boundary and boundary 
pressure that is calculated from hydraulic pressure depending on reservoir depth is applied to each node. The planes 
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at y=0m and y=1000m are closed boundary. Therefore, flow direction of groundwater in x-direction is dominant. 
CO2 is injected into aquifer B as shown in Figure 3, mass flow rate of CO2 is applied to each node from -1090 to -
1100m at x=125m and y=2500m as injection point (injection well). High permeable zone simulated as fault is 
located at x=2500m, CO2 out flow at upper plane of analytical mesh zone is treated as the amount of C O2 leakage in 
this calculation.
Standard condition for numerical analysis is as follows.
! Absolute permeability of aquifer, m2 1.00×10-13
! Absolute permeability of impermeable layer, m2 1.00×10-18
! Absolute permeability of impermeable fault, m2 1.00×10-13
! Porosity of aquifer 0.30
! Porosity of impermeable layer 0.30
! Porosity of  fault 0.01
! Initial pressure, MPa 10.0 - 11.8
! Initial temperature, 6C 40.0 - 46.0
! Injection rate of C O2, ton/year 10,000
! Injection period, years 100
! Flow velocity of groundwater, m/year 1.00
! Calculation time, years 1,000
In this study, we changed geological structure containing fault, absolute permeability of fault and flow velocity of 
groundwater as a calculation parameter. The detail of each parameter is described in 3.2 results and discussion.
3.2. Results and discussion
3.2.1. The effect of difference of geological structure containing fault
Firstly, we considered the effect of difference of geological structure containing fault on flow behavior o f 
injected CO2 in aquifer. In this calculation, we changed geological structure containing fault on the basis of Figure 3. 
Figure 4 shows the distributions of liquid CO2 (supercritical CO2) and dissolved CO2 in x-z plane of aquifer after 
250years. 
Liquid CO2 (Model1)        Dissolved CO2 (Model1)
Liquid CO2 (Model2)        Dissolved CO2 (Model2)
Liquid CO2 (Model3)        Dissolved CO2 (Model3)
Figure 4. The distributions of liquid CO2 (supercritical CO2) and dissolved CO2 in x-z plane of aquifer after 250years.
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From this fi gure, whereas liquid CO2 relatively stays at the neighborhood of injection zone, dissolved CO2  
extensively diffuses into aquifer depending on groundwater flow. However the existence of fault is dominant on 
fl ow behavior of injected CO2, so the difference of flow behavior depending on geological structure was not 
confirmed as shown in Figure 5. Therefore, we considered the effects of absolute permeability of fault and flow 
velocity of groundwater on flow behavior of injected CO2 in aquifer by using Model3.
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Figure 5. Flow behavior of injected CO2 with time when geological structures containing fault were different.
3.2.2. absolute permeability of fault
Here, we considered the effects of absolute permeability of fault on flow behavior of injected CO2 in aquifer. 
Absolute permeability of fault was changed from 1.0710-12 to 1.0710-14m2. Figure 6 shows flow behavior of injected 
CO2 with time when absolute permeability of fault is different. From this figure, when the values of permeability 
were set to 1.0710-12m2 and 1.0710-13m2, the significant difference of flow behavior was not confirmed. So it was 
supposed that migration of injected CO2 through fault was dominant in these conditions. On the other hand, in the 
case of 1.0710-14m2, injected CO2 primarily migrated into aquifer. As a results, the amount of leakage after 
1000years was about 200,000ton, this value was about one third compared with the cases of 1.0710-12m2 and 1.0710-
13m2. Permeability of fault has large effect on flow behavior of injected CO2. Therefore, it is important to optimize 
the value of p ermeability by modeling of geological structure containing fault through geological survey, well 
logging monitoring and laboratory-experiment.
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Figure 6. Flow behavior of injected CO2 with time when absolute permeability of fault is different.
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3.2.3. The effect of flow velocity of groundwater
Finally, we considered the effects of flow velocity of groundwater on flow behavior of injected CO2 in aquifer. 
Flow velocities of groundwater were changed from 0.2 to 1.0m/year. Figure 7 shows the distributions of liquid CO2
(supercritical CO2) and dissolved CO2 in x-y plane of aquifer after 100years when flow velocities of groundwater 
were set to 0.2m/year and 1.0m/year. From this figure, in the case of low velocity, injected CO2 diffused into 
horizontal direction of aquifer due to pressure gradient that was constructed inside layer. Liquid CO2 relatively stays 
at the neighborhood of injection zone, so dissolution of CO2 into water phase was promoted. On the other hand, in 
the case of high velocity, plume of liquid CO2 reached to the fault plane in the early stages and diffusion into 
horizontal direction was relatively inhibited. Figure 8 shows Flow behavior of injected CO2 with time when flow 
velocity of groundwater is different. The amount of leakage after 1000years is 851ton (0.2m/year), 273017ton 
(0.4m/year), 537620ton (0.8m/year) and 612384ton (1.0m/year), respectively. Especially, it was found that the 
arrival of plume of liquid CO2 to the fault plane significantly increased the amount of leakage of injected CO2. 
Reflecting flow behavior mentioned above, the efficiency of CO2 storage in aquifer becomes higher in the case of 
low velocity.
Liquid CO2 (0.2m/year)     Dissolved CO2 (0.2m/year)
Liquid CO2 (1.0m/year)     Dissolved CO2 (1.0m/year)
Figure 7. The distributions of liquid CO2 (supercritical CO2) and dissolved CO2 in x-y plane of aquifer after 100years when flow velocities of 
groundwater were set to 0.2m/year and 1.0m/year.
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Figure 8. Flow behavior of injected CO2 with time when flow velocity of groundwater is different.
4. Conclusion
In this study, we constructed the reservoir model that aquifer and impermeable layers were alternately located in 
vertical direction of reservoir. Modeling of the fault was simplified by putting the thin zone that simulated the fault 
inside of analytical mesh zone. Using the constructed reservoir model, we carried out some simulation run. 
Changing geological structure containing fault, absolute permeability of fault and flow velocity of groundwater as a 
calculation parameter, we considered the effect of each parameter on flow behavior of CO2 in an aquifer and 
quantified the amount of CO2 leakage.
Through these numerical studies, we can conduct risk management by predicting the degree of worst scenario for 
leakage of injected CO2. For improving the accuracy of prediction, it is important to prepare the basic parameter of a 
real storage site in Japan such as scale, thickness of layer, porosity, permeability, etc.
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